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Abstract
There is evidence from the SNARC (spatial numerical association of response codes) effect and NDE (numerical distance effect) that number activates spatial representations.  Most of this evidence comes from tasks with explicit reference to number, whether through presentation of Arabic digits (SNARC) or through magnitude decisions to non-symbolic representations (NDE).  Here, we report four studies that use the neural overlap paradigm developed by Fias, Lauwereyns and Lammertyn (2001) to examine whether the presentation of implicit and task-irrelevant numerosity information (non-symbolic arrays and auditory numbers) is enough to activate a spatial representation of number.  Participants were presented with either numerosity arrays (1-9 circles or triangles) to which they made colour (Experiment 1) or orientation (Experiment 2) judgements, or auditory numbers coupled with an on-screen stimulus to which they made a colour (Experiment 3) or orientation (Experiment 4) judgement . SNARC effects were observed only for the orientation tasks.  Following the logic of Fias et al., we argue that this SNARC effect occurs as a result of overlap in parietal processing for number and orientation judgements irrespective of modality.  Furthermore, we found stronger SNARC effects in the small number range (1-4) compared to the larger number range (6-9) for both non-symbolic displays and auditory numbers.  These results suggest that quantity is extracted (and interferes with responses in the orientation task) but this is not exact for the entire number range.  We discuss a number of alternative models and mechanisms of numerical processing that may account for such effects.
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Since the seminal work of Dehaene, Bossini, and Giraux (1993) which revealed an association between spatial and numerical representations (the SNARC effect; Spatial Numerical Association of Response Codes), a thriving research area has developed which has focussed on the conditions under which the SNARC effect is observed, the locus of the effect (e.g., early processing or late response selection/execution), and the brain areas activated during tasks which induce the SNARC effect (see Hubbard, Piazza, Pinel, & Dehaene, 2005 for a review). Studies to date have presented Arabic digits, number words, and canonical dot displays (dice patterns) and typically ask participants to make a numerical decision that is unrelated to magnitude (e.g., parity decision).  Such task demands draw attention explicitly to numerical processing.  In the current study, we use a neural overlap paradigm developed by Fias, Lauwereyns, and Lammertyn (2001) and present the first evidence, that we are aware of, to show that implicit and irrelevant number information, in the form of numerosity displays and auditory number words, is processed at some obligatory level and activates an associated spatial representation.
When adults process number, it is argued that they automatically activate an internal representation of a directional spatial continuum (Dehaene, 1992).  This effect is revealed through findings that individuals are faster to respond to small quantities with a left-sided response and large quantities with a right-sided response (the SNARC effect), indicating a left to right orientated association between number and space. This finding holds even when quantity/magnitude is irrelevant or incidental to the task; for example, it occurs for parity judgements, phoneme monitoring, and judging shape orientation where irrelevant digits are presented inside the shape (e.g., Dehaene et al., 1993; Fias, Brysbaert, Geypens, & d’Ydewalle, 1996; Fias et al., 2001). The effects are also observed across modalities; for example, Nuerk, Wood, and Willmes (2005) found SNARC effects for parity decisions to Arabic numbers, number words, auditory numbers and canonical dice patterns. 
Based on these findings, the SNARC effect has been argued to reflect automatic activation of a central semantic amodal representation of magnitude.  It is therefore somewhat surprising that there have been no reports of SNARC effects for non-symbolic, non-canonical representations of numerosity; our review revealed only a single study had used non-canonical dot displays as one of the stimulus notations (Gebuis, Cohen Kadosh, de Haan & Henik, 2009), and this study examined automaticity of processing as revealed by size congruity effects, not the specific spatial representation of number as seen through the SNARC effect.  There is clear evidence from other behavioural effects that non-canonical displays (e.g., arrays of dots) activate spatial representations of numerosity.  One such example is the numerical distance effect (NDE); when the difference/distance between two numbers or numerosities is small (e.g. 2 items vs. 3 items), people are slower and less accurate at deciding which of the two is larger than when the distance is greater (e.g. 2 vs. 8; Moyer & Landauer, 1967).  It is argued this is driven by overlapping internal representations of number where numbers which are numerically closer together share more representational overlap than those further apart.  However, it is important to note that the very nature of NDE tasks requires participants to make an explicit reference to magnitude and numerosity; typically participants are asked to compare two displays and say which contains more, or compare a display to a target and indicate whether it contains more or less than that target.  This is very different to SNARC studies where participants are asked to make decisions unrelated to magnitude (e.g., parity) or where the digit is simply irrelevant to the task.  It is therefore possible that SNARC effects are just not elicited by non-symbolic non-canonical displays and the lack of such studies is due to a publication bias; perhaps these studies have been conducted, but a failure to elicit a SNARC effect resulted in datasets that were destined for the experimental dustbin.  
Another possibility is that explicit reference to number is required to activate the SNARC effect; even in SNARC studies where magnitude is irrelevant to the task, the presentation of an Arabic digit is nevertheless an explicit representation of number within the stimulus display.  In the one reported study that has elicited SNARC effects from canonical non-symbolic displays (dice patterns), participants still had to explicitly process the number of dots in order to make a parity decision (Nuerk et al., 2005).  This explicit reference to numerical representation was also made in Gebuis et al’s (2009) study with non-canonical dot displays, as they used a physical/number size comparison task. According to the concept of ‘triggering’ proposed by Tzelgov and Ganor-Stern (2005) the level of triggering depends on the relationship between the relevant and irrelevant dimensions; when studying the SNARC effect using a parity task, since both the relevant (parity) and irrelevant (magnitude) dimensions are numerical, the processing of the relevant dimension may have triggered the processing of the irrelevant dimension.  Therefore, one cannot say for certain whether numerical magnitude was processed intentionally or unintentionally.
An alternative explanation for the lack of non-symbolic SNARC studies is that it is difficult to develop a task that (1) uses non-symbolic, non-canonical displays and (2) does not require participants to pay at least some attention to the number of stimuli in order to perform the task, i.e., where the relevant experimental tasks requires non-numerical processing (weak triggering).  However, a paradigm developed by Fias et al. (2001, cf. Lammertyn, Fias, & Lauwereyns, 2002) to look at the processing of irrelevant Arabic digits can be modified to address these two problems.  Fias et al. (2001) presented coloured digits or shape stimuli superimposed onto irrelevant digits; participants were simply asked to respond to the colour of the digit (Experiments 2 and 3), or form (Experiment 5), or orientation (Experiments 1 and 4) of the presented shape, with no explicit reference made to the digit presented at the centre of the form. Fias et al (2001) found SNARC effects driven by the irrelevant number for orientation judgements, but not for colour or shape judgements (circles and squares).  Fias et al. explain their findings according to the extent to which information from these features is processed by the parietal pathway; while orientation depends on the parietal cortex, colour processing is not thought to substantially rely on these areas (e.g., Chao & Martin, 1999; Faillenot, Sunaert, Van Hecke, & Orban, 2001; Murata, Gallese, Luppino, Kaseda, & Sakata. 2000).  Evidence from Kinsbourne and Hicks (1978) functional cerebral distance principle also supports this assertion of processing overlap, whereby related information processing in a task which engages highly connected brain areas will promote neural activity across this network. Crucially, the parietal cortex is thought to be activated for coding spatial representations of numerical quantity from number digits, number words, and non-symbolic displays of dot patterns (e.g., Ansari, Dhital, & Siong, 2006; Cohen Kadosh, Soskic, Iuculano, Kanai, & Walsh, 2010; Dehaene, Spelke, Pinel, Stanescu & Tsivkin, 1999; Eger, Sterzer, Russ, Giraud, & Kleinschmidt, 2003; Piazza, Izard, Pinel, Le Bihan, & Dehaene, 2004; Pinel, Dehaene, Riviere, & Le Bihan, 2001; see Hubbard et al., 2005 and Nieder & Dehaene, 2009 for reviews).  As such, Fias et al. argued that irrelevant information regarding the magnitude of the digit (and hence its associated spatial representation) interfered with processing orientation.
In the current studies, we used Fias et al.’s (2001) neural overlap methodology to determine whether implicit and irrelevant number information produces a SNARC effect. In Experiments 1 and 2, participants made colour (Experiment 1) and orientation (Experiment 2) decisions to arrays of shapes presented on the screen. In Experiments 3 and 4, participants made colour (Experiment 3) and orientation (Experiment 4) decisions to a shape presented on the screen while irrelevant spoken numbers were presented over headphones.  Based on Fias et al.’s findings, if such implicit and irrelevant forms of number trigger processing of numerosity, we would expect a SNARC effect for orientation but not colour decisions. 
In Experiments 1 and 2, the numerosity of these displays was never referenced, and intuitively provides a much less obvious indication of numerical magnitude compared to the presentation of an irrelevant Arabic digit. However, in conducting research in the number range of 1-9 used by Fias et al (2001) with numerosity displays as the task irrelevant stimulus, we must also consider the mechanisms which are needed to process such quantities.  The dominant hypothesis is that for numerosities up to 3 to 4 elements, quantity is extracted automatically by means of a rapid and accurate subitizing processes (Trick & Pylyshyn, 1994), while for larger numerosities quantity can only be extracted by means of estimation or enumeration (e.g. Revkin, Piazza, Izard, Cohen, & Dehaene, 2008).  This difference in the processing mechanisms may result in precise versus approximate activation of associated spatial information, potentially resulting in differences in the strength or presence of the SNARC effect in these two number ranges.  
The requirement to make a colour or orientation decision is a weak trigger to the processing of numerosity, and so the presence of a SNARC effect would be evidence for (according to Tzelgov & Ganor-Stern, 2005) an unconditioned automatic process, which may be enhanced by the automatic subitizing effect in the small number range. If the numerosity of these non-symbolic displays is processed at some obligatory or autonomous level despite being irrelevant to the task, our results should replicate Fias et al (2001); a significant SNARC effect if the relevant task overlaps the same neural pathway (e.g., orientation decisions), but no SNARC effect if the relevant task shares no neural overlap (e.g., colour decision).
Experiments 1 and 2
Method
Participants. Twenty participants took part in experiment 1 (6 males, mean age = 20.35, SD = 1.31. Twenty-two participants took part in experiment 2 (8 males, mean age = 19.6, SD = 1.47. All participants were university students recruited though research participation for course credit. All had normal or corrected-to-normal vision, and provided informed consent prior to beginning the study.  
Materials. The stimulus arrays for both studies were developed using Microsoft Publisher.  Similarly to Fias et al. (2001), we used stimuli in the range of 1 to 9.  In experiment one (colour decision) the arrays were composed of circle stimuli (1 to 9 dots, excluding 5) and all displays were matched for area. Each array occupied a virtual circle 60mm in diameter (not visible to participants) controlling for overall display density. In the one-circle array the stimuli was 24 mm diameter occupying an area of 452mm2, each subsequent circle-array from two through nine was matched to this total stimuli area. The size of the dots in each array was varied to prevent processing being affected by stimuli size. The circle-arrays were displayed in two colours, selected from the PANTONE™ colour-wheel, blue (2746C) and green (362C), which were matched for intensity. The colours were selected to minimise any reaction time differences related to colour (Lindsey, Brown, Reijnen, Rich, Kuzmova, & Wolfe. 2010). 
In experiment two (orientation decision) the arrays were composed of triangle stimuli (upright or inverted).  Each array occupied a virtual circle (not-visible to participants) 60mm in diameter.  In the one-triangle array the stimuli was 30mm diameter occupying an area of 452mm2, each subsequent triangle-array from two through nine (excluding 5) was matched to this total stimuli area. To prevent decisions relating to a spatial processing being influenced by stimuli size the triangle stimuli in the arrays varied in size. All stimuli were all displayed in green (362C).  In both studies the experiment was conducted using E-Prime2 software via a Dell optiplex 760 PC with a resolution of 1280 x 1024 pixels and 32-bit colour quality. 
Procedure. Throughout the experiment each trial consisted of a centralised fixation cross presented for 1500ms followed by a single array presented centrally on screen.  The array showed between 1 and 9 dots displayed in blue or green, to which the participants made a colour decision (Study 1), or 1 to 9 triangles presented in green to which participants made an orientation decision (upright or inverted).  At no time did the experimenter make any reference to the numerosity of the displays.  Following the response, there was a blank screen for 100ms before the fixation cross appeared for the next trial. Participants were required to respond as quickly and accurately as possible with a key-press (Z or M) to the colour/orientation of the stimuli, see Figure 1. The assignment of array-colour/orientation to response key was counterbalanced across participants.  Each experiment began with 32 practice trials (4 per numerosity, 2 for each colour/orientation), with participants being provided with on-screen feedback regarding their response time and accuracy. Following this, each participant completed 1 block of 256 experimental trials (32 per numerosity, 16 of each colour/orientation) without feedback. 
[Figure 1 about here]
Results
Trials from each study were excluded if reaction times were above a cut-off value of 1000ms (colour task 0.012% trials, orientation task 0.014%). This value fell 3 standard deviations above the overall mean reaction time for each study.  Reaction times for responses to the colour task (median = 408ms, SD = 38) and orientation task (median = 413ms, SD = 68) did not differ significantly, U= 211.5, N1 = 20, N2 = 22, p = .838.  We conducted an initial analysis of the response times for the colour and orientation studies to explore whether any enumeration of the displays was taking place; if so we would predict a linear increase in response time with increasing numerosity. Regression analysis showed no significant increase in response time with increasing numerosity in either the colour decision (beta = -.113, p = .791; median response times of 413, 408.5, 400.25, 402.5, 405, 395, 408.5, 411.5 for 1-4, 6-9 respectively) or orientation decision (beta = -.226, p = .591, response times of 422, 418.25, 396, 413, 420.25, 401, 410, 413.25 for 1-4, 6-9 respectively).  The fact that RTs did not get longer with increasing numerosity suggests that participant were not enumerating the displays before responding. 
Response times for each numerosity display responded to with the left and right key were collated and the median response time calculated (correct responses only). The difference in the time to respond to each numerosity display with the right and left hand was then calculated (right hand RT – left hand RT). The nature of the SNARC effect was captured by regression analyses (Lorch & Myers, 1990, Method 3; for a detailed discussion see Fias et al., 1996). A regression equation was computed for each participant, with array numerosity as the predictor variable and RT difference as the criterion variable. The regression weight (standardised beta) was recorded for each participant, and one sample t-tests were conducted to determine whether the regression weight was significantly different from 0 (a flat line). Regression analyses were also conducted separately for the subitizing (1-4) and non-subitizing (6-9) numerosity ranges. 
Experiment 1: Colour decision. The mean error rate was 4.0%. The mean standardised beta weight was .064, indicating a slight positive slope, which did not differ significantly from zero, t (19) =.771, p = .450, see Figure 2. In order to establish whether any SNARC effect was enhanced by an automatic subitizing effect in the small number range, we considered the ranges 1-4 and 6-9 separately. The mean standardized beta weight for the 1-4 range (-.111) did not differ significantly from zero, t (19) = -.997, p = .331.  The mean standardized beta weight in the 6-9 range (.353) did differ significantly from zero, t (19) = 2.862, p = .010 (see Figure 3), but as this was a positive going slope, this effect was in the opposite direction to that predicted by the SNARC effect. A paired samples t-test confirmed that the regression slopes for  the1-4 and 6-9 ranges in the colour decision task differed significantly, t (19) = -2.713, p = .014, d = 1.24.
Experiment 2: Orientation decision. The mean error rate was 3.7%.  The mean standardised beta weight was -.254, a negative slope indicative of a SNARC effect, and was significantly different from zero, t (21) = -3.157, p = .005, see Figure 2.  As before, we then considered the results separately for the 1-4 and 6-9 range. The mean standardized beta weight for the 1-4 range (-.365) differed significantly from 0, t (21) = -2.854, p = .010, whereas the mean standardized beta weight in the 6-9 range (-.095) did not differ significantly from zero t (21) = -.802, p = .432, see Figure 3.  A paired samples t-test showed that the regression slopes for the 1-4 and 6-9 ranges did not differ significantly from each other t (21) = -1.759, p = .093.
Combined analysis of Experiment 1 and 2. An independent-samples t test was conducted to examine whether the mean beta weight for the regression slopes differed across experiments.  This revealed a significant difference, t (40) = 2.746, p = .009, d = .84, showing a larger beta weight (stronger SNARC effect) in the orientation task (-.253) than the colour decision task (.064). 
[Figures 2 and 3 about here]
Discussion
The pattern of results is very clear; in Experiment 1, when the task involved a colour judgement, stimulus numerosity had no effect on reaction time.  This may suggest that where there is no explicit requirement to focus on the numerosity of the display or when numerosity is implicit within the stimulus (i.e., not an Arabic digit) non-symbolic stimuli are not obligatorily processed for numerical information, hence resulting in no activation of spatial number representations (and no SNARC effect).  However, this interpretation can be ruled out by the findings from Experiment 2; when the task involved an orientation judgement, there was a significant SNARC effect.  These findings replicate those of Fias et al (2001) who found SNARC effects from an irrelevant Arabic digit for orientation but not colour judgements.  Moreover, our findings strongly suggest that non-symbolic, non-canonical displays are sufficient to activate a representation of number that is associated with space.
When addressing the data split by number range, a stronger SNARC effect was found in the 1-4 number range, and whilst it is not significantly different from the SNARC effect found for the 6-9 range, only the SNARC effect for 1-4 was found to differ significantly from 0.  According to a subitizing account, this rapid (and some would say pre-attentive) mechanism for perceiving small numbers of items yields a discrete symbolization of numerosity rather than an analogue symbolization by mental magnitudes (Mandler & Shebo, 1982; Trick & Pylyshyn, 1994).  On this basis, a linear SNARC-effect would be more likely for quantities up to 4 where a discrete symbolization of numerosity activates precise spatial associations.  Beyond this range, when estimation is required, we would be more likely to see a categorical judgement of ‘large’, associated with right (see e.g., the conceptual coding account of Gevers, Lammertyn, Notebaert, Verguts, & Fias, 2006, and the polarity interpretation offered by Proctor & Cho, 2006), with no distinction in spatial representation between 6-9 (and hence a flat regression line).  The SNARC effect in the 6-9 range is non-significant, although still represents a negative going, rather than a flat slope, perhaps suggesting not a basic categorical judgement of ‘large’ but degrees of ‘largeness’ associated with space. This same pattern of results was not found when the relevant stimulus dimension had no neural overlap with the irrelevant numerosity dimension.  Overall the data suggests that the presence of a SNARC effect across the number range is facilitated by an automatic coding of small numerosities, supported by the neural overlap in task relevant and irrelevant dimensions.
As well as activating spatial associations along a horizontal axis, numerical information can also activate spatial associations along a vertical axis (see e.g., Gevers et al, 2006; Ito & Hatta, 2004; Schwarz & Keus, 2004) with low numbers associated with downward and high number associated with upward representations.  For the current orientation task, we have unintentionally created a stimulus mapping condition that could potentially be seen as a double-congruency condition where both orientation decision (e.g., downward) and number presented (e.g., 1-4) work together to produce a faster leftward response, i.e., there is a congruency between the orientation and response, and between the number and the orientation.  This might lead to a stronger SNARC effect for participants assigned to the inverted/left – upright/right response mapping compared to those who had the upright/left – inverted/right mapping.  To address this issue we undertook additional analysis to compare mean beta weights between those participants who had the inverted/left – upright/right mapping compared to those who had the upright/left – inverted/right mapping.  This revealed no difference between the response mappings in the overall SNARC effect, t (20) = .466, p = .646. Based on this we can be relatively certain that the significant SNARC effect reflects spatial associations associated with implicit numerosity information in the display rather than the orientation per se.
In order to clarify whether the stronger SNARC effect in the 1-4 range was due to subitizing we conducted a second set of studies.  As in Experiments 1 and 2, the tasks involved either orientation or colour decisions to visual stimuli. However, unlike in Experiments 1 and 2, the stimulus was kept constant across both types of decision. In order to avoid a stimulus that has any association with number (e.g., triangle has an association with “3”), we used the symbol of a playing card “spade”.  Rather than present the irrelevant number stimuli on the screen, we presented spoken number words concurrently with the visual stimulus (which are a weak trigger related to the relevant task features).  Nuerk et al. (2005) demonstrated that the SNARC effect arises when people make parity decisions to auditory words; however, to our knowledge, there have been no demonstrations that task-irrelevant auditory words, to which no attention and no decision is required, should be sufficient to elicit a SNARC effect on an unrelated task.  Following the logic of Fias et al.’s (2001) neural overlap paradigm, if the spoken numbers are processed at some obligatory or autonomous level despite being irrelevant to the task, we should find a SNARC effect for the orientation decision task but not the colour decision task. Furthermore, if the different patterns found for the 1-4 and 6-9 ranges observed in Experiments 1 and 2 can be attributed to a subitizing account of visual processing whereby subitizing boosts the effect in the lower number range, this effect should disappear when number is presented in the form of spoken words (as words cannot be subject to subitizing).  
Experiments 3 and 4
Method
Participants. Twenty participants took part in experiment 3 (8 males, mean age = 22.05, SD = 4.85), and twenty participants took part in experiment 4 (8 males, mean age = 21.15, SD = 4.69). All participants were university students recruited though research participation for course credit. All had normal or corrected-to-normal vision, and provided informed consent prior to beginning the study.  
Materials. The stimuli for both studies were developed using Microsoft Publisher.  In experiment three (colour decision) the on-screen stimulus was a playing card spade shape which occupied a virtual circle (not visible to participants) 40mm in diameter, occupying a total area of 1257mm2. The spade stimuli were displayed in two colours, selected from the PANTONE™ colour-wheel, blue (2746C) and green (362C), which were matched for intensity. All the stimuli were presented upright (spade point facing upwards). 
In experiment four (orientation decision) all stimuli were displayed in green (362C), and the spade stimuli size was controlled as in experiment three. The only procedural difference from the previous experiment was that the spade stimuli were presented both upright and inverted (point of the spade facing down) in order for an orientation decision to be made. 
The irrelevant numerical information for the two studies was presented in the form of spoken number words presented over headphones. The number words (one to nine, excluding five) were recorded using Adobe Audition CS5.5 software, with each stimulus controlled for length of utterance (500ms). Filler items (non-number nouns) were also included in order to provide a potential baseline measure of task performance, and to make the presentation of the number words less obvious. The filler stimuli were matched to individual number words for word length, number of syllables and frequency. In both studies the experiment was conducted using E-Prime2 software via a Dell optiplex 760 PC with a resolution of 1280 x 1024 pixels and 32-bit colour quality. 
Procedure. Throughout the experiment each trial consisted of a centralised fixation cross presented for 1500ms followed by a word presented over headphones (either a number word or control noun), the visual display of the spade relating to the colour/orientation decision appeared 500ms after the onset of the auditory word. This onset asynchrony ensured that any activation of semantic representations associated with the irrelevant word would coincide with presentation of the experimental stimulus. At no time did the experimenter make any reference to the fact number words would be presented; participants were told that they would hear a variety of words over headphones, but to concentrate on making a response to the stimulus presented on screen.  Participants were required to respond as quickly and accurately as possible with a key-press (Z or M) to the colour/orientation of the stimulus (always a single item presented in the centre of the screen). Following this response, there was a blank screen for 100ms before the fixation cross appeared for the next trial (see Figure 4).  Each experiment began with 16 practice trials, with participants being provided with on-screen feedback regarding their response time and accuracy. Following this, participants completed 384 experimental trials (24 responses per auditory word, 12 responses with each colour/orientation mapping) without feedback.  Because of the increased number of stimuli and to address the issue of double congruency effects highlighted for Experiment 2, in both Experiments 3 and 4 participants completed the experimental trials in 4 blocks of 96 trials with response mapping switched within participant and counterbalanced across participants (i.e., ABBA or BAAB).
[Figure 4 about here]
Results
Trials from each study were excluded if reaction times were above a cut-off value of 1000ms (colour task 0.004% trials, orientation task 0.007%). This value fell 3 standard deviations above the overall mean reaction time for each study.  Overall reaction times for responses to the colour task (median = 380ms, SD = 38) and orientation task (median = 396ms, SD = 35) did not differ significantly, U= 139, N1= 20, N2 = 20, p = .102.  
Response times with the left and right key for each orientation/colour decision were collated and the median response time calculated (correct responses only). The difference in the time to respond to the onscreen stimulus with the right and left hand was then calculated (right hand RT – left hand RT). The nature of the SNARC effect was captured by regression using the same procedures as described for experiments 1 and 2.  A regression equation was computed for each participant, with the spoken number word as the predictor variable and RT difference as the criterion variable. The regression weight (standardised beta) was recorded for each participant, and one sample t-tests were conducted to determine whether the regression weight was significantly different from 0 (a flat line). 
Experiment 3: Colour decision. The mean error rate was 4.05%.The mean standardised beta weight for the overall SNARC (-.064) did not differ significantly from zero, t (19) = -.853, p = .404, see Figure 5.  As in Experiments 1 and 2, regression analyses were conducted for the 1-4 and 6-9 number ranges. The mean standardized beta weight for the 1-4 range (-.131) did not differ significantly from zero, t (19) = -1.172, p = .256; neither did the mean standardized beta weight for the 6-9 range (-.066), t (19) = -.464, p = .684, see Figure 6.  A paired samples t-test showed that the regression slopes for the 1-4 and 6-9 ranges in the colour decision task did not differ significantly from each other, t (19) = -303, p = .765.
Experiment 4: Orientation decision. The mean error rate was 2.82%. The mean standardised beta weight for the overall SNARC effect (-.319) did differ significantly from zero, t (19) = -4.697, p = .0002, see Figure 5.  Strength of the SNARC effect was not found to differ according to order of response mapping, t (18) = .699, p = .493.  The mean standardized beta weight for the 1-4 range (-.310) differed significantly from zero t (19) = -2.829, p = .011; however the mean standardized beta weight in the 6-9 range (-.111), did not differ significantly from zero t (19) = -.948, p = .355, see Figure 6. A paired samples t-test showed that the regression slopes for 1-4 and 6-9 ranges in the orientation decision task did not differ significantly from each other, t (19) = -1.162, p = .259.
[Figures 5 and 6 about here]
Combined analysis of Experiments 3 and 4. An independent-samples t-test was conducted to examine whether the mean beta weights for the regression slopes differed across experiments.  This revealed a significant difference, t (38) = 2.517, p = .016, d = .817 showing a larger beta weight (stronger SNARC effect) in the orientation task compared to the colour decision task.  
Discussion
	Experiments 3 and 4 replicated the findings of Experiments 1 and 2. In Experiment 3, when the task involved a colour judgement, the irrelevant number word had no effect on response times. However, in Experiment 4, when the task required an orientation judgement, there was a significant SNARC effect associated with the number words.  To our knowledge, this is the first time that SNARC effects have been observed for spoken number words that are irrelevant to the task, and it suggests that the spatial representations contributing to SNARC effects in the neural overlap paradigm are amodal.
	In Experiments 3 and 4, we broke the regression analysis down into the 1-4 and 6-9 range in order to establish whether the stronger SNARC effect observed for the lower number range in Experiment 2 was driven by subitizing. As in Experiment 2, the SNARC effect was only significant for the 1-4 range, with no significant difference in these regression slopes across the tasks, t (40) = -.326, p = .746. As the number stimuli were spoken words, we can rule out the possibility that this boost in the strength of the SNARC effect is caused by subitizing of the visual stimulus. We can account for these results on the basis of an approximate representation of number that shows increasing noise with increasing magnitude.  Thus, the degree of uncertainty in an observer’s numerical approximation increases with the quantity being represented.  When we perceive numerosity, regardless of modality, this activates an associated spatial representation of number; for low numbers these representations are very precise sharing very little representational overlap, so spatially should appear as quite distinct.  Larger numerosities share more representation overlap so the likelihood of having a very precise spatial representation is lower.  This might result in the less apparent number spatial-numerical association for these numbers as we represent them with less spatial precision.  This is just one interpretation; alternative explanations are considered in the general discussion. 
General Discussion
In Experiments 1 and 2, we found a SNARC effect for orientation decisions to non-symbolic non-canonical displays of numerosity, but not for colour decisions to the same displays. In Experiments 3 and 4, we found a SNARC effect driven by an irrelevant spoken number when participants made an orientation decision to an unrelated stimulus but not when they made a colour decision.  Taken together, this pattern of results suggests that some form of autonomous number processing has occurred which activates an associated spatial representation, and affects behavioural responses on unrelated tasks that share the same neural pathway (orientation judgements, experiments two and four), but not those that do not share neural overlap with numerical representations (colour judgements, experiments one and three); this replicates the findings of Fias et al. (2001). More importantly, the current findings are the first demonstration of SNARC effects for non-symbolic, non-canonical representations of number, and furthermore of SNARC effects for task-irrelevant spoken number words. Nuerk et al. (2005) demonstrated effects for canonical representations of numerosity (i.e., dice patterns), and they demonstrated effects for auditory words that required a parity decision, but in the current studies, the number information was implicit and completely irrelevant to the task, with neither the numerosity of the display or the number word needing to be responded to explicitly to make a task relevant judgment.
Closer inspection of the data revealed differences in the strength of the SNARC effect for the small versus larger number ranges, and this finding led us to consider a number of alternative explanations.  The use of visual displays of dots in experiment 2 could potentially be accounted for by the use of different processing mechanisms across the number range; the small number range are subitized allowing for rapid and precise enumeration and activation of distinct numerical representations, whilst the larger numbers are roughly estimated or simply categorised as ‘large’ (see Discussion of Experiments 1 and 2).  It should be noted that our initial analysis of response times to each individual number did not suggest that numerosities within the subitizing range were being responded to significantly quicker that those outside the subitizing range; response times were consistent across the full range of numbers.  Furthermore, the results of Experiment 4, where subitizing cannot account for the stronger SNARC effect in the small number range, suggest a different interpretation may be necessary.
Secondly, it has been argued that the SNARC effect could be attributable to the spatial coding of ordinal information in working memory (e.g., van Dijck & Fias, 2011), and that temporary position-space interactions drive the SNARC effect rather than the activation of long term semantic representations of number to which the SNARC effect is traditionally ascribed.  The findings of the present study cannot rule out that sequential mental ordering takes place, especially if the subitizing account is correct.  In this case it is possible that participants spontaneously order the numbers in terms of the results of this automatic process, sequentially from 1 to 4, and as “large” for the larger numbers.  However, this cannot account for the findings of Experiment 4.  Here all numbers are presented auditorily and all could be ordered sequentially, which would result in a SNARC effect across both small and large number ranges, and yet we still find a stronger SNARC effect in the small number range.  Revkin et al (2008) argue that there may be a separate system for the apprehension of small numerosities that predominates in cases in which non-symbolic visual stimuli, such as dots, are presented simultaneously as a set.  Others argue that numerosties of all sizes are represented by mental magnitudes, whether those magnitudes are evoked by number words, numerals, sequentially occurring events, or simultaneously presented displays (Cordes, Gelman, Gallistel, & Whalen, 2001).  
This leads to a third interpretation of the effect, that of an approximate number system that represents numerosity with increasing representational overlap, due to either increasing noise with increasing magnitude (Gallistel & Gelman, 1992) or logarithmic compression of the representation with fixed noise (Dehaene, 2003; Verguts & Fias, 2004), both of which would result in less spatial precision for numbers in the higher range.  This would also account for the finding that regression slopes were still negative in the large number range, and whilst not significantly different from 0, neither were they significantly different from the regression slopes of the subitizing range.
Finally, there are other accounts that do not advocate a direct mapping between the number representation on a mental number line and the corresponding response location in external space (e.g., Gevers, Verguts, Reynvoet, Caessens, & Fias, 2006; Santens & Gevers, 2008; see also Proctor & Cho, 2006 for a polarity interpretation).  These accounts argue that number is not coded for spatial location as ‘left’ or ‘right’ but rather according to the task requirements, e.g., small/large, odd/even.  These intermediate representations are then linked with their corresponding alternatives on a response dimension (e.g., left/right).  This results in faster left response for small numbers and faster right responses for all high numbers, although within each number range there should be no evidence of a negative slope.  Instead the flat slope for the 1-4 range coupled with flat slope for the 6-9 range results in an overall negative slope (the SNARC effect) for the whole number range. In the current experiments presentation of e.g., 6, 7, 8, or 9 dots would activate ‘large’ (even though irrelevant to task) activating the corresponding response dimension (‘right’).  Where this is congruent with the primary task (e.g., the stimuli were inverted, press the right key), responses will be faster than when the activation is incongruent with the primary task (e.g., stimuli were upright, press the left key), and it is this difference that results in the SNARC effect.  For our results to fit this interpretation, we have to assume differences in the degree of associative strength between numbers and ‘small’ and ‘large’; rather than a simple categorical distinction of small/large, we assume that 1 is more strongly associated with ‘small’ than e.g., 4, resulting in a larger congruency effect with a left side response for 1 compared 4, accounting for the SNARC effect in the small number range (rather than a flat regression line).  The same interpretation can also be made for the small (non-significant) SNARC effect found in the 6-9 range; 9 is more strongly associated with ‘large’ than e.g., 6, resulting in a larger congruency effect with a right sided response for 9 compared to 6.  However, this account by itself would not explain why there are stronger SNARC effects in the small compared to the large number range.  In summary, although quantity appears to be extracted (and interferes with the responses in the orientation task) this is not exact and precise for the entire range, and may be accounted for a number of alternative models and mechanisms of numerical processing. 
The current findings support Fias et al.’s (2001) conclusion that the effect of irrelevant information on feature-based attention is stronger if the relevant feature is being processed by the same neural structures as the irrelevant feature.  In this case we assume the neural overlap to involve parietal functioning required for orientation decisions and for abstract number representations.  Neuroimaging studies show that attending to the numerosity of dot displays is sufficient to induce a strong bilateral activation of the IPS (Castelli, Glaser, & Butterworth, 2006; Piazza, Mechelli, Price, & Butterworth, 2006).  Other studies show that even passively looking at a variety of numerical representations suffices to encode its numerosity.  Cohen Kadosh, Cohen Kadosh, Kaas, Henik, and Goebel (2007) asked participants to passively view displays of digits and number words, and used fMRA (an adaptation paradigm) to examine adaptation both within and across notations.  Their results revealed a main effect of adaptation and no interaction with stimulus notation in the left parietal lobe, pointing to a notation-independent representation for number.  This was contrary to results for the right parietal lobe where adaptation was found to be notation dependent for Arabic digits; one proposed explanation for this was a lack of direct access to a linguistic code (number word) from the right hemisphere.  More recent evidence from Cohen Kadosh, Bahramni, Walsh, Butterworth, Popescu, and Price (2011) shows that even the mere presentation of dots and Arabic digits (in the range used in the current studies) modulates middle IPS activation in a non-numerical task. Piazza, Pinel, Le Bihan, and Dehaene (2007) also used an adaptation paradigm with dot patterns and Arabic digits.  Cross notation adaptation and recovery was observed, particularly in the right parietal cortex; fMRI adaptation implies that the neural populations that were adapted to one notation generalised their responses to the other notation.  Finally, in an event-related fMRI study, Eger, Sterzer, Russ, Giraud and Kleinschmidt (2003) presented numbers, letters, and colours in the visual and auditory modality, asking subjects to respond to target items within each category.  In the absence of explicit magnitude processing, significant bilateral activation of the IPS occurred only for number category information, which did not differ across stimulus presentation modality. These studies provide converging evidence for a shared notation-invariant mechanism, or that numerical representation is subserved by multiple mechanisms within the same parietal regions. Based on such findings, we can also make a strong case for the neural overlap of the irrelevant stimulus dimension (automatic number coding from numerosities/number words) and the relevant stimulus dimension (orientation decision), with the irrelevant stimulus dimension resulting in a SNARC-like pattern of response times on the relevant dimension.
We have followed Fias et al.’s (2001) argument that parietal involvement in colour processing is only very limited (see also, Chao & Martin, 1999; Faillenot et al., 2001; Murata et al., 2000); however, it is important to note that there have been some reports that colour discrimination involves both ventral and dorsal streams, and therefore some degree of parietal processing.  In particular, Claeys, Dupont, Cornette, Sunaert, Van Hecke, De Schutter and Orban (2004) reported that the anterior and middle dorsal intraparietal sulcus was at least to some degree involved in colour discrimination (this is in contrast to orientation, which is associated with the posterior level, Fias, Dupont, Reynvoet & Orban, 2002).  It may be that this parietal involvement in colour processing does not overlap sufficiently with number processing to elicit a SNARC effect; Pinel, Piazza, Le Bihan and Dehaene (2004) reported that, although comparative judgements for number, size and luminance all implicated sectors of the IPS and therefore shared some neural substrates, number did not interfere with luminance (although number interfered with size, and size with luminance).  It is therefore possible that parietal areas are implicated in colour processing, but that there is not sufficient overlap to the exact neural structures for numerical representations to create a SNARC effect in reaction times to colour responses.
Given that the SNARC effect only occurred when there was overlap of the neural structures involved in the task, the findings also speak to the issue of automaticity of number processing. The SNARC effect is often described as “automatic”, given the fact that it arises when number is irrelevant or incidental to the task (e.g., Dehaene, 1992; Dehaene et al, 1993; Fias et al., 1996; Fias et al., 2001).  If this were the case, simply seeing e.g., an Arabic digit should be sufficient to activate numerical processing, resulting in a SNARC effect under any task conditions.  However, we concur with the analysis of Lammertyn et al. (2002) that the fact this “automatic” semantic access is modified by the feature being processed and, by extension, the underlying neural structures involved, requires us to rethink our understanding of what automaticity means in this context.  Certainly, spatial associations related to number might be obligatorily activated (with greater acuity in the one-to-four range), but this will only result in a SNARC effect under the right conditions as dictated by underlying neural structure.  This suggests that triggering of the irrelevant dimension reflects not only the level of similarity between cognitive processes in the relevant and irrelevant tasks (which was weak in the current experiments), but also between the underlying neural circuits, which is stronger in the orientation compared to the colour judgement.
Conclusion
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Figure 1. Time course of Experiments 1 (panel A) and 2 (panel B). Response decisions were made using keys Z and M, to either the colour or orientation of the visual display. No reference was made to the variant numerosities. The array boundary (shown as a dash-lined circle) was not visible to participants, but illustrates how display area was controlled. Full colour panels can be viewed in the online PDF. 

Figure 2. Difference in reaction times between left- and right-hand responses as a function of display numerosity and task decision: stimulus colour or orientation. The line depicts predicted reaction time differences from the regression analysis. Bars represent ± 1 standard error of the mean values. 

Figure 3. Difference in reaction times between left- and right-hand responses as a function of display numerosity and task decision (colour / orientation) for low (1-4) and high (6-9) number ranges. The line depicts predicted reaction time differences from the regression analysis within each numerosity range. Bars represent ± 1 standard error of the mean values.

Figure 4. Time course of experiments 3 and 4. The auditory words (number words and control nouns) were presented over headphones. Response decisions were made using keys Z and M, to either colour or orientation of the visual display. Participants were told they would hear words, but no explicit reference was made to number. The array boundary (shown as a dash-lined circle) was not visible to participants, but illustrates how display area was controlled. 
Figure 5. Difference in reaction times between left- and right-hand responses as a function of auditory number and task decision: stimulus colour or orientation. The line depicts predicted reaction time differences from the regression analysis. Bars represent ± 1 standard error of the mean values.

Figure 6. Difference in reaction times between left- and right-hand responses as a function of auditory number and task decision (colour / orientation) for low (1-4) and high (6-9) number ranges. The line depicts predicted reaction time differences from the regression analysis. Bars represent ± 1 standard error of the mean values.



